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ABSTRACT
We test the hypothesis that environments play a key role in enabling the growth of enormous radio
structures spanning more than 700 kpc, an extreme population of radio galaxies called giant radio
galaxies (GRGs). To achieve this, we explore the relationships between the occurrence of GRGs and
the number density of surrounding galaxies as well as the GRG locations towards large-scale structures
by making use of a homogeneous sample of ∼100 GRGs detected from the LOFAR Two-metre Sky
Survey in combination with (1) photometric galaxies from the DESI Legacy Imaging Surveys and
(2) a large-scale filament catalog from the Sloan Digital Sky Survey. We probe the distributions of
satellite galaxies around GRGs and the control samples, consisting of galaxies with optical colors and
luminosity matched to the properties of the GRG host galaxies. Our results show that the properties
of satellites around GRGs are consistent with that around the two control samples. Additionally, the
properties of satellite galaxies depend on neither their relative positions to the radio jet/lobe structures
nor the sizes of GRGs. We also find that the locations of GRGs and the control samples with respect
to the nearby large-scale structures are consistent with each other. These results demonstrate that
there is no correlation between the GRG properties and their environments traced by stars, indicating
that galaxy environments play little role on the origins of GRGs. Finally, regarding radio feedback, we
show that the fraction of blue satellites does not correlate with the GRG properties, suggesting that
the radio jets have minimal influence on the nature of their surrounding galaxies.
Keywords: Radio Galaxies, AGN, Jets, Galaxy evolution
1. INTRODUCTION
Over the past two decades, feedback from supermas-
sive black holes has been considered as a fundamental
mechanism in galaxy formation theory in order to re-
produce the observed properties of galaxies (e.g., Ben-
son et al. 2003; Schaye et al. 2015; Dave´ et al. 2019;
Nelson et al. 2019). Supermassive black holes are ex-
pected to remove a substantial mass of gas from galaxies
and thereby quench star formation. In addition, super-
massive black holes are expected to maintain the heat
content of gas around quenched galaxies to prevent gas
cooling for further star-formation activity (e.g., Silk &
Rees 1998; Bower et al. 2008; Alexander & Hickox 2012;
McNamara & Nulsen 2012; Chen et al. 2019; Hardcastle
et al. 2019).
One of the observed form of black hole feedback is ex-
tended radio jets and lobes emerging from the centers
of galaxies (e.g., Worrall 2009; Best & Heckman 2012;
Fabian 2012; McNamara & Nulsen 2012). Since their
discovery, radio galaxies have been classified into differ-
ent types according to their morphological structure of
radio emission (e.g., Fanaroff & Riley 1974; Hardcastle &
Croston 2020). A small fraction of radio galaxies (∼ 5%)
possess extremely extended radio-emission extending far
beyond the size of dark matter halos and are referred to
as giant radio galaxies (GRGs), (e.g., Willis et al. 1974;
Saripalli et al. 1986; Mack et al. 1998; Ishwara-Chandra
& Saikia 1999). These GRGs are roughly defined as ra-
dio galaxies with linear projected distances between two
radio lobes of greater than 700 kpc (See Figure 1 as an
example). Given the extreme properties of GRGs, it is
surmised that understanding the nature and origin of
GRGs will illuminate the physical mechanisms of black
hole feedback on galaxy formation.
Previous studies have suggested two main scenarios
that allow radio galaxies to grow to such large scales: (1)
They can be produced by either powerful engines within
normal timescales (∼ 10−100 Myr) (e.g., Gopal-Krishna
et al. 1989) or modest energy with prolonged timescales
or multiple phases of activity (e.g., Subrahmanyan et al.
1996; Hardcastle et al. 2019; Bruni et al. 2020); (2) They
tend to live in relatively low density environments which
allows the radio lobes to grow to very large scales (e.g.,
Mack et al. 1998; Malarecki et al. 2015). While previous
studies have explored both these scenarios, the origin(s)
of GRGs are still not well understood. This is primarily
due to their rare and difficult detection lending to small
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sample sizes. Therefore, previous results are based on
the properties of only a handful of GRGs.
In the past few years, large radio surveys have in-
creased the sample size of GRGs. For example, Kuz´micz
et al. (2018) compile a sample of ∼ 300 GRGs from all
the previous observations and Dabhade et al. (2017) and
Dabhade et al. (2020a) detect ∼ 200 new GRGs from the
NVSS dataset (Condon et al. 1998). Additionally, based
on the DR1 data of the LOFAR Two-metre Sky Survey
(LoTSS, Shimwell et al. 2019), Dabhade et al. (2020b)
compile a sample of ∼ 200 GRGs covering a wide range
of redshift. These new GRG samples offer the opportu-
nity to better characterize the properties of GRGs and
their surrounding environments.
In this work, we will test the hypothesis that GRGs
tend to live in low density environments by measuring
the environments of GRGs as a function of redshift. To
this end, we will make use of a GRG catalog compiled
from the LoTSS and data from large optical surveys, in-
cluding the DESI Legacy Imaging Surveys (Dey et al.
2019) and the Sloan Digital Sky Survey (York et al.
2000). The results will provide strict constraints on this
hypothesis and thereby shed new light on the driving
factors for the enormous sizes of GRGs. The structure
of the paper is as follows. Our data analysis is described
in Section 2. We show our results and discuss their im-
plications in Section 3 and Section 4. We summarize in
Section 5. Throughout the paper we adopt a flat ΛCDM
cosmology with h = 0.7 and ΩM = 0.3. When referring
to distances, we use physical distances.
2. DATA ANALYSIS
To investigate the local and large-scale environments
of GRGs, we apply statistical cross-correlation analyses
to a large GRG catalog, a photometric galaxy catalog
and a large-scale filament catalog. By doing so, we are
able to quantify the local and large-scale environments
of GRGs and compare the measurements with that of
the control samples. Our approach, therefore, is to iso-
late whether the presence of bright and highly extended
radio emission is correlated with the underlying galactic
environment. In what follows, we describe the data sets
and methods we use.
2.1. Datasets
• Giant radio galaxy catalog: We make use of
a large, homogeneous giant radio galaxy catalog
compiled by Dabhade et al. (2020b). This sample
is obtained from the 1st data release1 of the LO-
FAR Two-metre Sky Survey (LoTSS, Shimwell et
al. 2019; Williams et al. 2019), consisting of 239
GRGs from z ∼ 0 up to z ∼ 1. These GRGs
are identified from the LoTSS pipeline assisted by
visual inspections.
1 https://lofar-surveys.org/releases.html
Figure 1. Radio image of a giant radio galaxy at z ∼ 0.27
from the LOFAR Two-metre Sky Survey. The projected lin-
ear distance between the two radio lobes is approximately
1.9 Mpc. The optical image of the host galaxy (drawn from
the DESI Legacy Imaging Surveys) is shown on the upper
right corner.
To construct control samples as described in Sec-
tion 2.2, we select GRGs that have (1) spectro-
scopic redshifts of their host galaxies identified in
the 14th data release of the Sloan Digital Sky Sur-
vey (SDSS, York et al. 2000; Abolfathi et al. 2018)
and (2) imaging observations covered by the DESI
Legacy Imaging Surveys (Dey et al. 2019). We ex-
clude 40 SDSS sources identified as quasars. This
yields a sample of 110 GRGs for our analysis. As
an example, Figure 1 shows the LOFAR radio im-
age of a GRG and the corresponding optical image
(g, r, and z bands) of the host galaxy.
• Photometric galaxy catalog: To investigate
the local galaxy environments of GRGs, we use
the DR8 photometric galaxy catalog2 of the DESI
Legacy Imaging Surveys (the Legacy Surveys, Dey
et al. 2019). The catalog contains ∼ 109 galaxies
over ∼ 14, 000 deg2 of the sky with photometric
properties of g, r, z and WISE channel 1, 2, 3,
4 bands (Wright et al. 2010) characterized by the
Tractor algorithm (Lang et al. 2016). The lim-
iting magnitudes of the Legacy surveys are about
24, 23.4 and 22.5 for g, r, and z bands respectively.
These depths are sufficient for our purposes of de-
tecting L∗ galaxies up to z ∼ 1.
2 https://www.legacysurvey.org/dr8/
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Figure 2. Magnitude, stellar mass, and redshift distributions of the GRG host galaxies (blue) and the radio (green) and optical
(red) control samples.
• Large-scale filament catalog: For exploring the
locations of GRGs with respect to the large-scale
structure, we use a filament catalog3 from Chen et
al. (2016). The filamentary structures are identi-
fied based on a statistical algorithm for detecting
density ridges (Chen et al. 2015) applied to the
SDSS spectroscopic galaxy sample. The filament
catalog includes random points sampled from the
filaments as a function of redshift up to redshift
0.7 with 0.05 redshift intervals.
2.2. Properties of the GRG host galaxies
We summarize the properties of the GRG host galax-
ies in Figure 2, which shows the magnitude, stellar mass,
and redshift distributions of the host galaxies. The
stellar masses of the GRG host galaxies are obtained
via spectral energy distribution (SED) fittings with the
CIGALE package (Boquien et al. 2019). We adopt the
simple stellar population from Bruzual & Charlot (2003)
with Chabrier initial mass function (Chabrier 2003) and
delayed-exponential star-formation history. The best-fit
stellar mass is constrained by the observed flux in g, r,
z, WISE 1 and WISE 2 bands.
Similar to the host galaxies of typical radio-AGN
galaxies (e.g., Best et al. 2005; Lin et al. 2010), the
GRG host galaxies are massive red galaxies with M∗ >
3 https://sites.google.com/site/yenchicr/home
1011M. The corresponding typical dark matter halo
mass is therefore a few times of 1013M and the virial
radius is approximately 500-600 kpc (e.g., Tinker et al.
2017). About 10% of GRGs are located in dark matter
halos with even higher masses (> 1014M), i.e. galaxy
cluster environments (e.g., Dabhade et al. 2020b).
2.3. Control samples
To evaluate whether or not GRGs tend to live in spe-
cial environments, we construct two control samples that
have similar optical photometric properties and redshifts
as the GRG host galaxies. One sample is selected to have
radio-emission detected in LoTSS with integrated flux
greater than 0.2 mJy and the other is primarily selected
to have no LOFAR detection. When combined, we can
examine whether the presence of any radio emission is
correlated to galaxy environments. In the following, we
describe the two control samples in detail:
1. Radio control sample: To construct the ra-
dio control sample, we first cross-match SDSS
DR14 spectroscopic galaxies with radio sources de-
tected in LoTSS (Williams et al. 2019; Duncan
et al. 2019), excluding the GRGs in the sam-
ple. This radio-optical sample consists of approx-
imately 30,000 objects. For each GRG, we then
select five galaxies from this radio-detected SDSS
galaxy sample as the corresponding radio control
galaxies. These control galaxies are selected with
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Figure 3. Top: Average number of galaxies around GRGs (blue) and around random positions (grey) as a function of z-band
magnitude and redshift. The difference between the two shows the contribution from satellite galaxies associated with GRGs
as shown by blue data points in the bottom panel. Bottom: Magnitude distribution of satellite galaxies around GRGs. The
red and green shaded regions show the same measurements around the optical and radio control samples respectively. The
magnitude distributions of satellite galaxies around GRGs are consistent with the distributions around the two control samples.
redshifts, g, r, z band magnitudes, and morphol-
ogy type matched to that of the host galaxy of the
GRG. Specifically, these lie within 0.025 difference
in redshift and 0.05 magnitude difference in each
band. If fewer than 5 galaxies satisfied this selec-
tion criteria, we increase the redshift range by 20%
and magnitude difference by 0.05 iteratively.
2. Optical control sample: To construct the opti-
cal control sample, we make use of SDSS DR14
spectroscopic galaxies located between 162 <
RA < 235 deg and 46 < DEC < 56.5 deg, ap-
proximately the sky region covered by the LoTSS
DR1. We then exclude all of the SDSS galaxies
detected in the DR1 LoTSS catalog. This pro-
cess reduces the sample size by ∼ 10%. This opti-
cal sample consists of about 240,000 objects. For
each GRG, we select five galaxies from this op-
tical SDSS galaxy sample that satisfy the same
criteria listed above for the radio control sample.
We note that about 10% of the optical selected
region is not covered by the DR1 LoTSS. There-
fore, 10% of galaxies in the optical control sample
are selected without radio information. Neverthe-
less, with the LoTSS radio detection rate of SDSS
sources (∼ 10%), the contamination rate of radio
emission in this optical control sample is expected
to be nearly negligible (i.e. ∼ 1%).
By performing the same analysis to the GRG sample
and the two control samples, we will compare the galaxy
environment properties as a function of the extension
of radio emission with fixed optical properties of host
galaxies. Figure 2 shows the magnitude, stellar mass,
and redshift distributions of the GRG host galaxies, the
optical control sample and the radio control sample in
blue, red, and green respectively. The stellar masses of
galaxies in the control samples are obtained via SED
fittings as described in Section 2.2.
2.4. Methods
We focus on two statistical measurements to charac-
terize the environments of GRGs. The first one is the
number density of surrounding galaxies associated with
GRGs. We perform the measurements from 20 kpc to
2 Mpc in projected distances, which include satellite
galaxies bounded within the host halos of GRGs (the
so-called “1-halo term”) and galaxies from neighboring
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halos (2-halo term). Given that the properties of satel-
lites are the primary concern of the analysis, we will refer
to these measurements as the distributions of satellites
for simplicity.
The second measurement is the distances between
GRGs and the nearest filamentary structures, which are
identified from the SDSS spectroscopic galaxies. The
typical scale involved is ∼ 10 Mpc, several times larger
than the satellite measurements. We use this GRG-
filament distance measurement to infer the location of
GRGs in the context of large-scale structure. In the fol-
lowing, we will describe the methods we apply for these
two measurements respectively.
2.4.1. Cross-correlation method for estimating the number
of satellite galaxies
To obtain the number density of satellite galaxies, we
cross-correlate the GRG sample with the photometric
galaxies detected from the Legacy Surveys. For each
GRG, we search and count the number of the surround-
ing photometric galaxies within a given (physical) im-
pact parameter. The impact parameters are estimated
by assuming that all the surrounding galaxies are at the
same redshift of the GRG. The number of photometric
galaxies around a given GRG, NGRGgal , consists of two
components: (1) satellite galaxies truly (physically) as-
sociated with the GRG, NGRGsat , and (2) coincident back-
ground and foreground galaxies located at different red-
shifts, Ncoincident,
NGRGgal = N
GRG
sat + Ncoincident. (1)
For each GRG, we estimate the average number
of coincident background and foreground galaxies,
〈Ncoincident〉, based on the number of galaxies around
10 random positions in the sky footprint between 162 <
RA < 228 deg and 46 < DEC < 56.5 deg. By subtract-
ing 〈Ncoincident〉 from NGRGgal , we can obtain the number
of satellite galaxies associated with the GRG, NGRGsat ,
without any spectroscopic redshift information of the
photometric galaxies (e.g., Lan et al. 2016). Finally, we
calculate the average number of satellite galaxies associ-
ated with the full set of GRGs to reduce Poisson uncer-
tainty which dominates the number counts of individual
sightlines,
〈NGRGsat 〉 =
NGRG∑
i=1
NGRG,isat
NGRG
, (2)
where NGRG is the number of GRGs used in the analysis.
Figure 3 illustrates the method. In the upper panel,
we show the average number of galaxies around GRGs
(blue) and random positions (grey) within 600 kpc as a
function of z-band magnitude and redshift. The lower
panel shows the differences between the number counts
around GRGs and around random positions. As can
be seen, there are more galaxies around GRGs than
around random positions. The difference results from
the presence of satellite galaxies around GRGs. Ad-
ditionally, the z-band magnitude distribution of these
satellite galaxies becomes fainter towards higher red-
shifts. This trend confirms that the signal is only from
satellite galaxies associated with GRGs. We find the
number of satellites around GRGs within 600 kpc is sim-
ilar to the number of satellites in dark matter halos with
∼ 1013.5 − 1013.9M as shown in Lan et al. (2016), sim-
ilar to the halo masses inferred from the stellar mass of
the host galaxies. We note that this method has been
applied to many other research areas, such as measur-
ing the conditional luminosity functions of groups and
clusters (e.g., Lin et al. 2004; Lan et al. 2016; Tinker et
al. 2019), detecting the splash-back radius of dark mat-
ter halos (e.g., More et al. 2016), and probing galaxies
associated with absorption line systems (e.g., Lan et al.
2014; Lan 2020).
In the lower panel of Figure 3, we also show the magni-
tude distributions of satellite galaxies around the optical
and radio control samples with the shaded red regions
and green regions respectively. As can be seen, the satel-
lite magnitude distributions of the two control samples
are consistent with that of the GRG sample. We will
make quantitative comparisons in Section 3. We note
that we estimate the uncertainty by bootstrapping the
sample 500 times.
This method can be applied to explore any properties
of galaxies associated with GRGs. Instead of the ob-
served brightness of galaxies, we will explore the prop-
erties of satellite galaxies as a function of stellar mass.
This will enable an examination of the full sample across
redshift. To obtain the stellar mass of each galaxy, we
use the CIGALE package (Boquien et al. 2019) assuming
that each photometric galaxy is at the same redshift of
the corresponding GRG. We adopt the same approach as
described in Section 2.2, with the best-fit stellar masses
constrained by the observed fluxes in the g, r, z, WISE
1 and WISE 2 bands. Note that in our analysis, we fo-
cus on the stellar mass of galaxies in a relative sense.
Therefore, the absolute systematic uncertainty of stellar
mass introduced by the adopted assumptions of stellar
population modeling do not affect our results.
2.4.2. Distances between GRGs and the nearest filaments
To better understand the large-scale structure envi-
ronments in which GRGs reside, we measure the dis-
tance between each GRG and the nearest filament struc-
ture from the filament catalog. The filaments are iden-
tified based on SDSS spectroscopic galaxies within the
same redshift bin with a 0.05 redshift interval. There-
fore, for each GRG, we extract filaments with the cor-
responding redshift bin and calculate the projected dis-
tance between the GRG and the nearest filament struc-
ture. We perform the same calculation for the control
samples and compare the results between the three sam-
ples. The results will be described in Section 3.
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Figure 4. Radial distributions of satellite galaxies around GRGs (blue), the optical control sample (red), and the radio control
sample (green) as a function of redshift and stellar mass. The y-axis shows the surface number density of galaxies and the
x-axis the impact parameters. The redshifts of the host galaxies increase from the left to the right panels. The upper and
lower panels show the distribution for satellites with M∗ > 1010.3M and 109.8 < M∗ < 1010.3M respectively. The satellite
radial distributions around GRGs and the two control samples are consistent with each other, indicating that GRGs do not
preferentially live in lower density environments.
3. RESULTS
In this section, we will first present the distribution of
satellite galaxies around GRGs and their control sam-
ples. We will also show the number of satellite galaxies
around GRGs as a function of the properties of GRGs.
Finally, we will present the environments in which GRGs
reside in the context of large-scale structure.
3.1. Radial distributions of satellite galaxies around
GRGs and around the control samples
Figure 4 shows the surface number density of satel-
lite galaxies Σ(rp) = 〈NGRGsat 〉/area, around GRGs and
the control samples as a function of impact parameter
(rp), redshift and stellar mass. Here we probe the im-
pact parameters from 20 kpc to 2 Mpc, which includes
satellite galaxies within the virial radius (∼ 600 kpc) of
the GRG halos and galaxies in neighboring halos (the
two-halo term). As can be seen, the radial distributions
of satellite galaxies around GRGs and the control sam-
ples are consistent with each other across redshift and
stellar mass. For the rest of the paper, we focus on the
distribution of satellites with M∗ > 1010.3M, a stellar
mass range that is complete to redshift 0.7 and is an or-
der of magnitude less than the stellar mass of the GRG
host galaxies (Figure 2).
In Figure 5, we show the radial distributions of satel-
lites with M∗ > 1010.3M around GRGs and the two
control samples with 0.1 < z < 0.7. We fit the satellite
distributions with
Σ(rp) = A× 10−4
(
rp
100 kpc
)−1
, (3)
where A is the surface number density of satellite galax-
ies at 100 kpc. We fix the power index as -1 given that
the best-fit values are all consistent with -1 when the
parameter is free. The best-fit A parameter values are
shown in the inset of Fig. 5. As can be seen, the satellite
distribution around GRGs is consistent with the distri-
butions around the two control samples from 20 kpc to
2 Mpc. This result demonstrates that the local galaxy
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Figure 5. Radial distributions of satellite galaxies with M∗ > 1010.3M around GRGs (blue) and the optical (red) and radio
(green) control samples at redshift 0.1 < z < 0.7. The inset shows the best-fit surface number density at 100 kpc for the three
samples. The best-fit value for GRGs is consistent with the optical and radio control samples, indicating that the local galaxy
environments of GRGs is mostly driven by the optical properties of the host galaxies.
environments of GRGs mostly depend on the optical
properties of the host galaxies. In other words, GRGs
do not reside in local environments significantly devi-
ating from the environments of their optical and radio
control samples. We note that this is observed at scales
spanning from the inner region of the halos (∼ 100 kpc)
where the radio activity could potentially influence the
surrounding galaxies to the two-halo region (∼ 1 Mpc)
which primarily reflects the mass of dark matter halos
hosting GRGs.
We emphasize that we can also interpret our results
in the context of feedback. These measurements demon-
strate that the presence of radio feedback does not affect
the overall abundance of galaxies in the halos. In Sec-
tion 4.3, we perform a more detail analysis measuring
the fraction of blue galaxies. By doing so, we explore
the possible effect of radio feedback on quenching star-
formation in satellite galaxies.
We note that there are slightly more satellite galax-
ies (∼ 10 − 20%) around the radio control sample than
around the optical control sample as shown in the in-
set of Fig. 5. This result is similar to previous results
showing that on average, radio-AGNs have more satel-
lites than their control radio-quiet galaxies (e.g., Man-
delbaum et al. 2009; Donoso et al. 2010; Pace & Salim
2014). This might imply that with fixed stellar mass of
the host galaxies, radio-AGNs tend to live in halos with
higher masses than radio-quite galaxies. Exploring this
effect further is beyond the scope of this paper.
3.2. Radial distribution of satellites as a function of
GRG properties
We now explore the radial distribution of satellite
galaxies as a function of GRG size, i.e., the projected
distance between two radio lobes. The left panel of Fig-
ure 6 shows the distribution of satellites around GRGs
with sizes larger than 860 kpc and smaller than 860 kpc.
We find that the distribution of satellites does not cor-
relate with the sizes of GRGs. In other words, the local
galaxy environments do not play a role in the sizes of
GRGs.
Additionally to the sizes of GRGs, we also measure
the satellite distribution as a function of the azimuthal
angle of galaxy locations relative to the radio lobe di-
rections. The azimuthal angle, φ, defined as the angle
between the location of a galaxy and the axis of radio
lobes, is illustrated by the cartoon in the right panel
of Figure 6. We have measured the radio lobe axes of
GRGs manually. The right panel of Figure 6 shows the
radial distribution of satellites for two azimuthal angle
bins with |φ| < 45◦ for galaxies located towards the lobe
directions and |φ| > 45◦ for galaxies located perpendicu-
lar to the lobe directions. Again, the two measurements
are consistent with each other. This result demonstrates
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Figure 6. Satellite distribution as a function of GRG properties. The distribution includes satellite galaxies with M∗ >
1010.3M and GRGs at 0.1 < z < 0.7. Left: Satellite distribution as a function of GRG size. The purple and orange data
points show the satellite distributions around GRGs with sizes larger than 860 kpc and smaller than 860 kpc respectively.
Right: Satellite distribution as a function of azimuthal angle. The purple and orange data points show the satellite distributions
around GRGs towards and perpendicular to the radio lobe directions respectively. The insets in the panels show the best-fit A
parameter values.
Figure 7. Alignment of host galaxies and radio lobes. Left: Angle difference ∆θ between the minor axes of the host galaxies
and the jet/lobe directions with small (large) values indicating that jets/lobes tend be found along the minor (major) axes of
the host galaxies. Right: Radial distribution of satellites as a function of angle difference. The distribution includes satellite
galaxies with M∗ > 1010.3M and GRGs at 0.1 < z < 0.7. The purple and orange data points indicate systems with ∆θ < 30◦
and ∆θ > 30◦ respectively. The best-fit A parameter values are shown in the inset.
Environments of Giant Radio Galaxies 9
that the radio lobes of GRGs do not occur in preferential
directions relative to the local galaxy environments.
Finally, we measure the alignments between the radio
lobes and the minor axis of the host galaxies. To do so,
we (1) select host galaxies only with morphology best
fitted by de Vaucouleurs’ profiles, i.e., elliptical galax-
ies, characterized by the Tractor algorithm, (2) use the
shape measurements to obtain the position angles, and
(3) compare the position angles of the minor axes of
galaxies with the radio lobe directions. The left panel
of Figure 7 shows the distribution of angle differences
with ∆θ = 0◦ indicating that the radio lobe direction
is the same as the direction of host galaxy minor axis
and ∆θ = 90◦ indicating that the two are completely
perpendicular to each other. The cartoon in the panel
illustrates ∆θ.
We find that > 50% of GRGs have radio jet/lobe di-
rections within 30◦ of the minor axes of the host galaxies.
This distribution is ∼ 3σ (p-value ' 0.004) away from
a random distribution based on K-S test for two sam-
ples, suggesting that a majority of the radio jets and
lobes of GRGs preferentially escapes along the minor
axes of their host galaxies. This trend is consistent with
normal elliptical galaxies with extended radio emission
as shown in Battye & Browne (2009). The right panel
of Figure 7 shows the satellite distributions of the two
GRG sub-samples with one having ∆θ < 30◦ and the
other having ∆θ > 30◦. No correlation between the
alignments of radio lobes and the axes of host galaxies
and the satellite properties is detected.
3.3. The large-scale environments of GRGs
We now address the large-scale environments of
GRGs. To do so, we measure the distance between each
GRG and its nearest filamentary structure from the fil-
ament catalog (Chen et al. 2016). The left panel of
Figure 8 shows an example. The blue data point shows
a GRG and the grey points are the random sampling
from the filaments with the redshift interval being clos-
est to the redshift of the GRG. The black data point
indicates the nearest random point from the filament.
The projected physical distance between the GRG and
the nearest random point is estimated. We perform this
estimation for all the GRGs at z < 0.7 and calculate
the median distance of all the GRGs to the nearest fila-
ments. We note that this value should not be considered
as the intrinsic distance between the two entities given
that the distance is based on the nearest random points
on the filaments. Nevertheless, this measurement is suf-
ficient for our purpose to make comparison between the
distances of GRGs and the control samples to the near-
est filaments.
The right panel of Figure 8 shows the result. We find
that the median distance of GRGs to the nearest fil-
aments is approximately 10 Mpc (blue), which is con-
sistent with the same measurements of the two control
samples as shown by the red and green data points. We
also perform the same calculation using random points
in the footprint with the result indicated by the grey
data point. As can be seen, GRGs and the control
samples are significantly closer to the nearby large-scale
structures than random positions, illustrating that the
estimator is sensible. The consistency between the mea-
surements of GRGs and the control samples suggests
that GRGs do not preferentially live in lower density
environments relative to galaxies with similar optical
properties.
4. DISCUSSION
4.1. Comparison with previous studies
We have shown that the local and large-scale envi-
ronments of GRGs are consistent with that of the con-
trol samples. This finding indicates that environments
play a minor role (if any) on the physical processes giv-
ing rise to the origins of GRGs. This result is consis-
tent with some previous results. For example, Komberg
& Pashchenko (2009) performed a similar analysis with
∼ 20 GRGs at z < 0.1 and found that the local galaxy
density of GRGs is similar to the galaxy density around
normal radio galaxies. A recent analysis by Dabhade
et al. (2020b) also shows that some GRGs are located
in galaxy clusters, disfavoring the low-density environ-
ment hypothesis. In addition, if the IGM density plays
a role in confining the sizes of GRGs, one would expect
the sizes of GRGs evolve with redshift. However, such a
trend is not observed (e.g., Machalski & Jamrozy 2006;
Kuz´micz et al. 2018), supporting the same picture that
environments are not the primary factor for the sizes of
GRGs.
On the other hand, some previous studies show differ-
ent results. For instance, Malarecki et al. (2015) argue
that there is a correlation between GRGs and their sur-
rounding environments in contrast to our findings. Chen
et al. (2011) also show that satellite galaxies around a
GRG tend to be found in the direction of radio lobes,
suggesting a correlation between radio jet/lobe direc-
tions and the galaxy distribution. This finding is in
contrary to our results as shown in Figure 6. We note
that sample variance could be one possible explanation
for the inconsistency given that these studies are based
on relative small samples. Future, larger GRG catalogs
will be used to confirm our results.
4.2. The origins of GRGs
Our results suggest that environments are not the
main driver for the enormous sizes of GRGs. This indi-
rectly supports the scenario that such a radio structure
is driven by the internal properties of the radio jet activ-
ity. One possible scenario is that GRGs are formed with
a long lifetime of radio activity as suggested by some
previous studies. For example, Hardcastle (2018) shows
that with a fixed gas density environment, the sizes of
radio galaxies depend on the lifetime of radio activity.
Using the model from Hardcastle (2018), Hardcastle et
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Figure 8. Left: Illustration of the filament structures. The blue data point is a GRG and the grey data points are the random
positions of the filament structure provided by Chen et al. (2016) catalog. The black data point indicates the nearest random
point on the filament to the GRG. Right: Median distances between GRGs (blue), the optical control sample (red), the radio
control sample (green) and random positions (grey) to the nearest filament structures.
al. (2019) further show that the sizes and power of ob-
served radio galaxies, including GRGs, can be repro-
duced. Their results demonstrate that the sizes of radio
lobes can reach to ∼ 1 Mpc after a few hundred Myr of
radio activity. While the model assumes a single phase
of radio activity, it might not be realistic given that
AGN activity can vary within much shorter timescales
(e.g., Aranzana et al. 2018). This can be reconciled by
the accumulation of multiple episodes of radio activity
as indicated by previous studies (e.g., Bruni et al. 2020).
4.3. The effects of radio feedback on the properties of
surrounding galaxies
While we have primarily focused on addressing the
mechanisms giving rise to the enormous sizes of GRGs,
we can ask the following question in the context of ra-
dio feedback - do the radio jets of GRGs influence the
satellite galaxy properties? It has been observed, for
example, that the power of radio jets is sufficient to re-
move hot gas within their trajectory and thereby create
cavities of hot gas (e.g., Fabian 2012). It is possible
that such activity could also remove gas from satellite
galaxies and quench those satellites.
To explore radio mode feedback on quenching satellite
galaxies, we first measure the fraction of blue satellite
galaxies around GRGs and the two control samples. The
blue satellite galaxies are selected with three observed
colors, g − z < 1.7, g − z < 2.1, and g − z < 2.6, for
three redshift ranges 0.1 < z < 0.3, 0.3 < z < 0.5, and
0.5 < z < 0.7 respectively. These observed color cuts are
chosen to optimally separate blue and red galaxy popu-
lations based on the galaxy catalog from the PRIMUS
survey (Coil et al. 2011; Cool et al. 2013).
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Figure 9. Fraction of blue satellite galaxies with M∗ >
1010.3M around GRGs (blue) and the two control samples
(red: optical, green: radio) with 0.1 < z < 0.7. The inset
shows the best-fit values of the blue fraction for the three
samples at 100 kpc. No significant correlation between the
fraction of blue galaxies and the radio properties is observed.
Figure 9 shows the fraction of blue satellites around
GRGs and the two control samples. We find that
the blue fraction around GRGs is consistent with that
around the two control samples. Furtheremore, in all
three samples the blue fraction increases with impact
parameter from ∼ 10% at 100 kpc to ∼ 30% at 2 Mpc,
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Figure 10. Left: Radial distribution as a function of GRG size for blue satellite galaxies with M∗ > 109.8M around GRGs
with 0.1 < z < 0.7. The purple (orange) data points show the surface number density of galaxies around GRGs with sizes
greater (less) than 860 kpc. Right: Radial distribution as a function of azimuthal angle for blue satellite galaxies. The purple
data points show the surface number density of galaxies along the radio lobe directions and the orange data points away from
the radio lobe directions. The insets in two panels show the best-fit values of the radial distributions of satellites at 100 kpc.
From the two panels, we can conclude that the presence of enormous radio structures does not significantly affect the properties
of satellite galaxies.
consistent with trends observed in galaxy groups and
clusters(e.g., Hansen et al. 2009). We characterize this
trend with f = f100 kpc×(rp/100 kpc)0.25 with the power
index 0.25 being the best-fit value for the three mea-
surements. The best-fit fraction at 100 kpc (f100 kpc)
is shown in the inset of the figure. This result indicates
that GRGs do not preferentially have more passive satel-
lite galaxies despite their very large radio structures.
We further explore the effect of the radio activity
on galaxy properties by comparing the number of blue
satellites as a function of GRG size and the galaxy loca-
tions with respect to the radio lobes. The right panel of
Figure 10 shows the radial distributions of blue satellites
around GRGs (0.1 < z < 0.7) as a function of GRG size.
Here we include blue satellite galaxies with > 109.8M.
The dashed lines in the figure indicate the best-fit power
law with Σ = A × 10−4 × (rp/100 kpc)0.75. We fix the
power index to 0.75, a consistent value with the best fit
values for the two measurements when the parameter
is free. The inset shows the best-fit A parameter val-
ues for the two bins. The left panel shows the radial
distributions of blue satellites around GRGs with two
azimuthal angle bins as defined previously in Figure 7
with |φ| < 45◦ representing galaxies close to the radio
lobes and with |φ| > 45◦ representing galaxies located
away from the radio lobes. As shown in the figure, the
number of blue galaxies depend on neither the sizes of
GRGs nor the locations of galaxies relative to the radio
lobes.
Our results demonstrate that there is no apparent cor-
relation between the properties of satellite galaxies and
the presence of the giant radio structures, implying that
for satellite galaxies with M∗ > 109.8M, the radio jets
do not greatly influence their properties. This result is
consistent with the result of Pace & Salim (2014) who
investigate the effect of typical radio AGNs on their sur-
rounding galaxies. However, Shabala et al. (2011) show
a different result. They find that galaxies located in the
radio lobes of FRII-type galaxies are redder than galax-
ies outside of the radio lobes, offering evidence that radio
jets quench star-formation in satellite galaxies. How-
ever, we note that Shabala et al. (2011) only considered
galaxies located within radio lobes which consist of∼ 1%
of all the satellite galaxies around FRII galaxies in their
sample. In our analysis, we consider the bulk of satellite
galaxies which may explain the apparent disagreement
between the two results. We note that with the new
LoTSS dataset, one can perform the same analysis as
applied in Shabala et al. (2011). Nonetheless, such an
analysis is beyond the scope of this paper.
5. SUMMARY
We investigated the local and large-scale environments
of GRGs by measuring the galaxy density around GRGs
and their relative locations to the nearby large-scale
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structures. These measurements were derived from by
cross-correlating a large GRG sample detected from
LoTSS, with photometric galaxies from the Legacy Sur-
veys and a filament catalog obtained from the SDSS.
Our main findings are summarized as follows:
1. We find that the properties of satellite galaxies,
including number counts, magnitude and stellar
mass distributions, and radial distribution, around
GRGs from 20 kpc to 2 Mpc are consistent with
the properties of satellite galaxies around the con-
trol samples. This result suggests that the local
environments of GRGs mostly depend on the op-
tical properties of the host galaxies.
2. We further explore the properties of satellites as
a function of GRG properties and find that there
is no correlation between the satellite properties
and the sizes of GRGs as well as the locations of
satellites relative to the radio jets/lobes.
3. We estimate the locations of GRGs with respect
to the nearby large-scale filament structures and
find that the median distance between GRGs and
the nearest filaments is consistent with the me-
dian distances between the control samples and
the nearest filaments. This result indicates that
GRGs do not reside in low density environments
in the context of large-scale structure.
These results indicate that the local and large-scale en-
vironments of GRGs are mostly determined by pro-
cesses within the host galaxies. No significant correla-
tion between the existence of giant radio structures and
their surrounding environments traced by stars is found.
These findings suggest that the environments of GRGs
play little role in the mechanisms giving rise to the gi-
ant radio structures. In other words, our results disfavor
the hypothesis that the formation of GRGs is related to
their local environments (e.g., Mack et al. 1998).
In the context of feedback, we explore the effect of
radio feedback on the properties of satellite galaxies. We
find that the number of blue satellites does not depend
on the sizes of GRGs nor their relative locations with
respect to the radio lobes. In addition, the fraction of
blue satellite galaxies around GRGs is consistent with
the fraction around the control samples. These findings
illustrate that the radio feedback has minimal influence
on the properties of the surrounding galaxies.
In the near future, the complete LoTSS survey will de-
tect ∼ 12, 000 GRGs across half of the sky (Dabhade et
al. 2020b). The combination of this large GRG sample,
optical sky survey datasets, such as DESI (Levi et al.
2013), Euclid (Amiaux et al. 2012), and LSST (Ivezic´
et al. 2019), and X-ray sky survey datasets, such as
eROSITA (Merloni et al. 2012) will enable much more
precise characterizations of the properties of the GRG
host galaxies, the surrounding environments of GRGs,
and the corresponding redshift evolution. In addition
to giant radio galaxies, there are giant radio sources
hosted by quasars found from the local Universe to be-
yond redshift 2. An interesting research direction is to
perform IFU observations for these high-redshift giant
radio quasars to map out the distribution of diffuse cool
gas via Lyman alpha emission - a different tracer for the
environments of high-redshift giant radio quasars (e.g.,
Cantalupo et al. 2014). By doing so, we will shed new
light on our understanding of not only the nature and
origin of these giant radio structures but also the role
they play in galaxy formation and evolution.
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